Despite their diverse pharmacological effects, polyphenols are poor for use as drugs, which have been traditionally ascribed to their low bioavailability. However, Baell and co-workers recently proposed that the redox potential of polyphenols also plays an important role in this, because redox reactions bring promiscuous actions on various protein targets and thus produce non-specific pharmacological effects. To investigate whether the redox reactivity behaves as a critical factor in polyphenol promiscuity, we performed a chemical bioinformatics analysis on the structure-activity relationships of twenty polyphenols. It was found that the gene expression profiles of human cell lines induced by polyphenols were not correlated with the presence or not of redox moieties in the polyphenols, but significantly correlated with their molecular structures. Therefore, it is concluded that the promiscuous actions of polyphenols are likely to result from their inherent structural features rather than their redox potential.
Due to their diverse medicinal effects, polyphenols have attracted wide attention in the past decades. However, only a limited number of polyphenols have been approved as drugs [1] . A main-stream explanation for this phenomenon is that polyphenols, especially those that are of natural origin, are poorly bio-available [2] . Recently, Baell and co-workers argued that the relatively high redox potential of polyphenols leads to non-specific actions on various protein targets, which brings promiscuous pharmacological effects and thus attenuates their uses as drugs [3] [4] [5] . This opinion was indeed supported by the gene expression profiles of human cell lines upon polyphenol treatments.
By a biclustering analysis of the gene expression profiles derived from a connectivity map (cMap), Xiong et al. clustered the genes of human cell lines into 49 gene modules [6] . The biclustering results also established links between each module and certain chemical agents contained in the cMap. As a result, each agent has a gene module profile that can be represented by a 49-dimensional binary vector, where 1 or 0 represents the presence or not of the module [7] . The cMap-derived chemical agents involve 20 polyphenols, including 16 flavonoids (i.e., (-)-catechin, acacetin, apigenin, butein, chrysin, fisetin, genistein, hesperetin, hesperidin, kaempferol, luteolin, myricetin, naringenin, naringin, quercetin, vitexin), 2 monolignols (i.e., caffeic acid, chlorogenic acid), 1 stilbenoid (i.e., resveratrol), and 1 phenylpropanoid (i.e., nordihydroguaiaretic acid). It is interesting to find that these polyphenols cover more gene modules than other agents on average (14.85 ± 4.80 vs 11.85 ± 5.42, P < 0.01, t-test) [7] , indicating that the polyphenols indeed have more diverse actions than others. However, it remains elusive whether the promiscuity of polyphenols arises from their redox potential. Considering the fact that catechol, quinol and pyrogallol groups are redox active in polyphenols [3] [4] [5] 8] , we attempted to address this issue by analyzing the structure-activity relationships of polyphenols with respect to their ability in inducing gene expression of human cell lines.
Prior research has provided gene expression profiles of five human cell lines upon 20 polyphenol treatments, which were used as the original data in the present analysis ( Supplementary Table 1 ) [6] . As listed in Table 1 , one can find that there is no correlation between the number of gene modules associated with polyphenols and the presence or not of the redox moieties (i.e., catechol or pyrogallol). Nine polyphenols contain redox moieties, which cover 15.11 ± 5.30 gene modules, while the other eleven polyphenols cover 14.64 ± 4.10 modules (P > 0.84, t-test). Besides, even the number of phenolic hydroxyl groups has no relation with the module quantities. The phenols with 2 or 3 phenolic hydroxyls cover 14.35 ± 3.85 gene modules, in comparison with the phenols with 4 or 5 phenolic hydroxyls that cover 16.00 ± 6.06 modules (P > 0.59, t-test). Therefore, it seems that the diverse actions of polyphenols are not related with their redox potential, which inspired us to turn to their structures for an explanation.
Study of the polyphenol biosynthetic process has revealed that to pass successfully through the assembly line comprising various enzymes with distinct structures, natural polyphenols have evolved NPC Natural Product Communications 2016 Vol. 11 No. 5 655 -656 656 Natural Product Communications Vol. 11 (5) 
Tang diverse binding groups and a certain flexibility to bind to differently structured proteins [9, 10] . This diversity and flexibility efficiently enhances their ability to interact with other unintended proteins. This finding implies that the promiscuity of polyphenols may result from their inherent structural features, which is preliminarily supported by the correlation analysis of polyphenol structures and their ability in inducing gene expression. The gene expression profiles induced by polyphenols can be characterized by 49-dimensional binary vectors [7] . To compare the gene expression profiles, we calculated the Tanimoto coefficient (TC) for the vectors of polyphenol pairs (Supplementary Table 2 ) [7] . In addition, to compare the structural similarity of polyphenol pairs, TC was also calculated with a perl program rewritten based on MolPrint 2D (Supplementary Table 2 ) [11] . The higher the TC value is, the more similar actions or structures of the polyphenol pairs are expected. As illustrated in Figure 1 , a weak but significant linear correlation exists for two types of TC values (R = 0.46, P < 0.0001), which suggests that the polyphenols that have similar structures tend to possess comparable ability in inducing gene expression of human cell lines. Therefore, it seems that the promiscuous actions of polyphenols are more likely to arise from their structural properties than from their redox potential.
In summary, the wide distribution and diverse biological actions of polyphenols have stimulated broad interest in their medical usage. However, these attempts were largely hindered by their poor use as drugs, which was partially attributed to their weak bioavailability and strong functional promiscuity. To investigate whether their promiscuous actions arise from the embedded redox moieties, we performed a chemical bioinformatics analysis on the gene expression profiles induced by twenty polyphenols. It was found that there was no correlation between the ability of inducing gene expression and the number of redox moieties for polyphenols. In addition, there exists a weak but significant correlation between molecular structures and gene expression-inducing activities for polyphenols. Taken together, it is concluded that the inherent structural features rather than the redox potential of polyphenols are more likely responsible for their promiscuous actions.
Experimental
Tanimoto coefficient (TC) was calculated to compare the gene module profiles and molecular structures of polyphenol pairs:
1 where N A and N B are the number of bits set for gene modules or fingerprints of polyphenols A and B, respectively, and N AB is the set bits that A and B have in common [7, 11] . If TC = 1, the polyphenol pair has the same gene module profiles (or same molecular structures); if TC = 0, the pair has completely different module profiles (or molecular structures).
Supplementary data:
Gene expression profiles and Tanimoto coefficients are available.
